, using the universal functional-group activity coefficient model. Solvents were classified for their ability to dissolve phenols and were compared with experimental data of the literature in order to observe if the solvent extraction of phenols in practice matches with the authors' theoretical approach. Results indicated the superiority of alcohols and acetone for the recovery of phenols in line with experimental data of previous studies. Furthermore, activity coefficients' values were found to increase with the increase of temperature. This study provided a knowledge base for the selection of the most appropriate solvents for a given phenolic compound.
INTRODUCTION
Nowadays, the growing interest of replacing synthetic with natural food additives has forwarded researchers to screen fruit, vegetables, and/or other agricultural sources for recovering phytochemicals with health-promoting properties. [1, 2] Broadly distributed in the plant kingdom and abundant in our diet, phenols are today among the most discussed categories of natural antioxidants. [3] Recent epidemiological studies have shown the inverse association between risk of cancer, cardiovascular diseases, diabetes, several age-related chronic diseases, and intake of diet rich in phenols. [4] Phenols include one or more hydroxyl groups (polar part) attached directly to an aromatic ring (non polar part) and are often found in plants as esters or glycosides, rather than as free molecules. [5] This stereochemistry distinguishes phenols according to their polarity variance.
relative surface (Q k ), and the interaction parameter (α mk ) (in Kelvin units) between them. The properties R k , Q k , and α mk exist in the bibliography for numerous subgroups. [14] The activity coefficient γ i of an ingredient i is supplied by the following equation:
where C is the parameter of the combinatorial part (with regard to the shape and the size of the molecules) and R is the parameter of the residual part (with regard to molecules interactions). The natural logarithms of γ C i and γ R i are calculated by the following equations:
The parameters J i and L i are calculated by the following equations:
where the parameter x j is referred to the molar fraction of a component j. The parameters r i and q i are the parameters of relative volume and relative surface for the chemical substances correspondingly and they are derived from the corresponding parameters R k and Q k of the subgroups, through the following additive Eqs. (6) and (7):
where v k (i) is the number of subgroups k of a group inside a molecule i. The other parameters of Eq. (3) for the residual part of activity coefficient are defined by the following equations:
The above 12 equations can be solved when the molecular fractions of the components (x i ) and the absolute temperature (T) are known, by using the values of R k , Q k , and α mk , found in the literature. However, the UNIFAC model possesses several limitations that should be accounted for during calculations, i.e., the pressure should be less than 5 bar, the temperature should be less than 150 • C, and calculations are only applicable to condensable non electrolytes, while components should not contain more than ten functional groups. [16] xlUNIFAC Tally
The solution of the aforementioned equations was processed using the software xlUNIFAC (Preben Randhol and Hilde K. Egelien, NTNU, Trondheim, Norway). This software is a Microsoft Excel logistic tally designed for the calculation of activity coefficients and partial vapor pressures, while it provides the possibility to examine the effect of each parameter. [16] Thereby, the data of mixture ingredients (i.e., natural phenols and solvents) were inserted in the program and afterwards the solvent activity coefficients were calculated. Fifteen phenols (coumaric acid, vanillic acid, caffeic acid, ferulic acid, hydroxytyrosol, sinapic acid, cinnamic acid, p-hydroxyphenyl acetic acid, phydroxybenzoic acid, tyrosol, protocatechuic acid, syringic acid, gallic acid, rosmarinic acid, and oleuropein), seven solvents (water, ethanol, methanol, acetone, dichloromethane, ethyl acetate, and diethyl ether), and three temperatures (298.15, 313.15, and 333.15 K) were introduced into the program and were calculated according to the subgroups presented in Figure 1 . In the case that a subgroup did not get included inside the tally, the values of R k and Q k were found in the literature and introduced in the system. As an example, the calculation of oleuropein activity coefficient was performed based on data given by Cooke and co-workers. [17] 
Evaluation of Polarity
The polarity of compounds was expressed as an octanol-water partition coefficient (logP) and their molecular hydrophobicity was described. The polarity was calculated using the software miLogP2.2 (Molinspiration Cheminformatics, 2005, http://www. molinspiration.com). This software is a logistic tally for the prediction of octanol-water partition coefficients (logP) based on chemical group contribution for each assayed compound. These have been obtained by fitting calculated logP with experimental logP for a training set of more than 12,000, mostly drug-like, molecules. In this way hydrophobicity values for 35 small simple "basic" fragments, as well as values for 185 larger fragments, characterizing intramolecular hydrogen bonding contribution to logP and charge interactions were obtained. The calculated values of polarity as well as the corresponding chemical groups for each assayed compound are listed in Table 1 .
RESULTS
The activity coefficients of natural phenols for different solvents at 298.15 K are shown in Table 2 . As a general rule, the values obtained for all the phenols were lower in alcohols and acetone compared to the other solvents, and generally possessed the same decimal magnitude. Particularly, the lower values for all hydroxyphenylacetic acids (p-hydroxyphenyl acetic, tyrosol, hydroxytyrosol, oleuropein) were obtained in ethanol. Ethanol is the most efficient solvent for the recovery of caffeic acid and its ester derivative, rosmarinic acid. p-Hydroxybenzoic and protocatechuic presented also higher solubility in ethanol. Other phenolic acids, such as ferulic, sinapic, vanillic, and syringic, possessed the lower values for methanol, while gallic, cinnamic, and coumaric were the only acids that did not show the lower value for alcohols but for water, dichloromethane, and acetone, respectively. The lower activity coefficient of gallic acid in water may be attributed to the presence of three hydroxyl groups in the same aromatic ring, whereas the higher solubility of cinnamic acid in aprotic dichloromethane may be attributed in the lack of -OH groups in the aromatic ring ( Figure 1 ). Nevertheless, apart from the above example, dichloromethane as well as ethyl acetate were not preferable for most of the phenols as they possessed activity coefficients in the middle of the solvent order. Besides, all phenols possessed the higher value for diethyl ether, except for coumaric, p-hydroxyphenyl acetic, and protocatechuic acid that showed the higher activity coefficient for water. Intriguingly, oleuropein also showed higher activity coefficient for water, although as a secoiridoid glucoside was expected to present water solubility. The activity coefficients of natural phenols for different solvents at 313.15 K are shown in Table 3 . As previously reported, phenols showed similar sympathy to alcohols and acetone, while the lower values were observed for each individual compound in the same solvent as above. An exception was observed for gallic acid, as the lower value was obtained for ethanol instead of water, but ethanol and water were protic solvents with comparable polarity. Besides, the solvent order of preference was similar for most of the phenols, except for oleuropein, protocatechuic, rosmarinic, and sinapic acid that showed several variations. In general, the higher values were monitored for diethyl ether and water (nine and six compounds, respectively). The activity coefficients for different solvents at the highest temperature applied (333.15 K) are shown in Table 4 . The lower values were observed for each individual phenol in the same solvent as in previous temperatures, but gallic and rosmarinic acid preferred methanol and acetone, respectively. The highest values were observed for diethyl ether and water (nine and five compounds, respectively). The water is the most polar solvent (logP = −0.29), while diethyl ether is the less polar solvent (logP = 0.76). On the other hand, the solvent order of preference showed many variations compared to 298.15 and 333.15 K. Besides, many coefficients were similar for two solvents at this case, i.e., values observed for coumaric acid in alcohols (2.2 × 10 -1 ), for vanillic acid in dicholoromethane and ethyl acetate (8.8-8.9 × 10 -1 ), for hydroxytyrosol in water and dichloromethane (3.3-3.4 × 10 0 ), for cinnamic acid in water and ethyl acetate (1.3-1.4 × 10 0 ), and for p-hydroxyphenyl acetic acid in methanol and acetone (2.1 × 10 -1 ).
With regard to the variation of activity coefficients among the three assayed temperatures, values obtained for water, ethanol, methanol, acetone, and ethyl acetate were generally enhanced with the increase of temperature. Few exceptions were observed for each phenol-solvent couple, i.e., for cinnamic acid in water and ethanol, rosmarinic acid in ethanol and acetone, tyrosol in methanol and acetone, gallic and protocatechuic acid in methanol and water, respectively. On the other hand, values obtained for dichloromethane and diethyl ether went descending with the increase of temperature, with few exceptions, i.e., oleuropein coefficient was increased for both solvents and tyrosol coefficient for diethyl ether was decreased at 333.15 K.
DISCUSSION
The activity coefficient data predicted by UNIFAC model indicated that natural phenols possessed a solubility preference basically to solvents with intermediate polarity (alcohols and acetone), rather than more polar (e.g., water) or less polar solvents (e.g., dichloromethane, diethyl ether). The solubility of phenols in different solvents cannot be based on their polarities, as the correlation between activity coefficient and polarities of compounds was extremely low (r < 0.2). It is obvious that solubilization is a complicated procedure and its efficiency is governed by a complex interplay of parameters and a more sophisticated model was required in order to choose the most suitable extraction solvent. The solubility tendency can be explained by the stereochemistry of phenols (the polar and the non polar fragment inside their molecules) and the intermolecular forces (mainly hydrogen bonds) occurred between them and the solvents.
This observation is more evident in the case of room temperature ( Table 2 , 298.15 K). In particular, the phenols' hydroxyl groups can develop hydrogen bonds with the electronegative oxygen of ethanol, methanol, or acetone. The alcohols' hydroxyl groups can also develop hydrogen bonds with the oxygen atoms occurring inside the phenol molecules (like oleuropein, ferulic, rosmarinic, vanillic, syringic, or synapic acid) and this observation can explain their preference to polar protic (methanol or ethanol) instead of polar aprotic solvents (acetone). The preference of phenols between methanol and ethanol can be attributed to their non polar part and the aliphatic fragment of alcohols. For example, in any dissolution process, the solvent molecules surround the solute molecules of the solute. Methanol contains a smaller and more flexible aliphatic fragment compared to ethanol and, thus, surrounds easier phenols with substituted carbons inside their aromatic ring. This suggestion was evident in the cases of ferulic, vanillic, syringic, and synapic acids (three or four substituted carbons). On the other hand, bigger molecules (like oleuropein and rosmarinic acid), phenols with two anti-diametric substituted carbons (like p-hydrobenzoic and p-hydroxyphenyl acetic acid) or longer aliphatic fragments (like tyrosol and hydroxytyrosol) preferred ethanol, as it could "cover" better the gaps between the hydrogen bonds. In the case of gallic acid where the aromatic ring is surrounded by three hydroxyl groups and one carboxyl group, the preferred solvent was the polar protic water molecule (Table 1) . Besides, the only studied phenol that did not contain a hydroxyl group (cinnamic acid) preferred the polar aprotic dichloromethane, eventually due to the dipole-dipole interactions developed between the more electronegative fragment of the solvent (chlorine atoms) and the more electropositive fragment of the acid (hydrogen protons). For higher temperatures, the obtained prediction data coincided with the above considerations, although the induced thermal effect changed activity coefficient values and in some cases the preference order of phenols among the studied solvents. For example, the lower activity coefficient of gallic acid was observed for ethanol ( It can be assumed that the number of hydrogen bonding with water molecule decreases upon a temperature increase. [18] This phenomenon has also been reported to occur in liquid methanol [19] and halo-phenols (intermolecular) with different solvents. [20] The above hypothesis was impressed in the prediction data, as activity coefficients of phenols were generally increased in polar protic (water, methanol, and ethanol) and aprotic (acetone and ethyl acetate) solvents as a function of temperature, but decreased (or not varied) in less polar (aprotic) dichloromethane and non polar diethyl ether. Besides, few exceptions observed for specific phenols predicted the reduction of hydrogen bonds with the increase of temperature, i.e., the coefficient of non-hydroxyl groups' coumaric acid was decreased in polar water and ethanol.
Moreover, the increase of activity coefficients suggested that the solubility of phenols into the aforementioned solvents was decreased in a temperature dependent manner. However, this hypothesis is in contrast with the experimental and theoretical data of other studies, referring that the solubility of phenols (tyrosol, protocatechuic, syringic, gallic, vanillic, and coumaric acid) in water is increasing with the increase of temperature from 298.15 to 333.15 K. [5, 10, 11] Likewise, the solubility of gallic acid in polar protic (methanol or ethanol) and aprotic (ethyl acetate) solvents has been shown to increase smoothly with the increase of temperature. [12] A possible explanation for this discordance could be that the temperature-induced solubility is affected more by other factors, that is, fusion enthalpy, which should be taken into account during prediction of thermal solvent extraction. Nevertheless, the correlation between phenols solubility and thermodynamic properties is not always clear as it has been referred for the case of several flavonoids. [21] The proposed theoretical approach was generally in agreement with experimental findings, as polar (protic or aprotic) solvents are in both cases the most popular choice. Methanol and ethanol have been used mainly for the recovery of hydroxycinnamic acids. The recovery of spiking ferulic acid and sinapic acid has been evaluated and results showed that methanol and ethanol provided satisfactory yields, while the extraction of these compounds using diethyl ether and ethyl acetate was less efficient. [22] This could be attributed to the fact that alcohols are known to be enough polar to extract hydroxycinnamic acids besides reducing polyphenoloxidase (PPO) activity. [23] Several studies also suggested the use of more polar protic solvents like water-methanol or ethanol mixtures. For example, the extraction yield of rosmarinic acid from Orthosiphon stamineus leaves with 50% aqueous methanol was 2-fold higher than the corresponding yields of water and methanol extracts. [24] A hydro-alcoholic mixture (1/1) was proved to be the best solvent compared to methanol, ethanol, water, and acetone for the extraction of caffeic acid, ferulic acid, and sinapic acid from roots of black colosh. [25] The superiority of hydro-alcoholic mixtures among other common solvents can be explained by the presence of water that may swell the plant material and increase extractability, by allowing the solvent to penetrate easier the solid matrix. A recent study demonstrated the advantage of 80% aqueous methanol for the extraction of phenolics from pericarp and seeds of bitter melon. [26] Hydrobenzoic acids present high solubility in alcohol and their hydro-alcoholic mixtures. A higher recovery of p-hydroxybenzoic acid from spiked sea sand using methanol and ethanol rather than ethyl acetate and diethyl ether has been reported. [22] In addition, the recovery of such compounds as protocatechuic acid, vanillic acid, and syringic acid from winery wastes showed that methanol and hydro-ethanol mixture was the most suitable solvents and the yield of ethanol and acetone extraction was also high. On the other hand, the use of organic solvents like ethyl acetate and isopropanol was not recommended. [27] Ethyl acetate has been also reported to be ineffective for the recovery of syringic and protocatechuic acid from olive mill wastes. [28] Bonilla et al. (1999) suggested the extraction of protocatechuic, gallic, and vanillic acid with methanol from red grape mark [29] but this result is in contrast to the authors' theoretical approach, as activity coefficients of gallic acid indicated a solubilization preference to water. This discordance between experimental and theoretical approach could be attributed to a failure of the latter to predict the solubilization preference of gallic acid (i.e., coefficients of water and ethanol possessed values of similar magnitude) or the nature of the specific agricultural substrate. Similarly to the authors' findings, the recovery of gallic acid from grape seeds was increased while the percentage of alcohol in the extraction solvent was decreased. [30] The water solubility of gallic acid as it was only phenolic acid, which was recovered from sea sand using water, has been also reported. [22] Regarding the recovery of hydrophenylacetic acids, hydroxytyrosol and its ester called oleuropein have been thoroughly investigated, as these compounds are the major phytochemicals of olive tree products and are recognized as potent antioxidants and anticancer agents. [31] In particular, tyrosol and hydroxytyrosol have been preferably recovered with polar aprotic ethyl acetate as compared with non polar solvents, while extraction yield was enhanced with the increase of the medium polarity. Hydroxytyrosol and tyrosol have been extracted from olive mill wastewaters using ethyl acetate; however, oleuropein was not detected in these extracts. [32] For the recovery of oleuropein, more polar solvents, like alcohols and hydro-alcohols mixtures, were needed, probably due to its structure. Water-ethanol mixtures have been reported for their advanced recovery of oleuropein, hydroxytyrosol, and tyrosol, [33] while hydro-methanolic mixtures have been referred to extract phenols with the highest yield and widest array compared to ethanol and ethylacetate. [28] The use of water-ethanol mixtures (and particularly 70% aqueous ethanol) for the recovery of biophenols from olive leaves among ethanol, water, acetone, and water-acetone has also been suggested. [34] With regard to the hydro-ethanolic mixtures, the basic problem is that their efficiency is extended to other extractable matter (i.e., sugars, organic acids), which are also coextracted [35, 36] and additional purification steps are necessary for the isolation of phenols. [8] Thereby, polar mixtures (water-ethanol or water-methanol) could be superior for the first step of a sequential extraction process, prior to the fractionation of the recovered phenols with other solvents like acetone or ethyl acetate. This methodology principle has successfully been utilized for the recovery of active phenols (hydroxytyrosol, tyrosol, and oleuropein) from olive pruning leaves [37, 38] and for the fractionation of phenolic acids in apples and pears. [39] 
CONCLUSION
In this study, a knowledge base for the extraction of 15 phenols from natural sources was developed, reliant on the UNIFAC model and the calculation of the corresponding activity coefficients in 7 solvents. With regard to the activity coefficient data, solvents were classified for their ability to dissolve phenols in three different temperatures. Predictions indicated that the studied phenols are generally solubilized easier in polar protic mediums like alcohols (ethanol and methanol), but gallic, cinnamic, and coumaric acids preferred water, dichloromethane, and acetone, respectively. Based on the authors' theoretical consideration supporting that the lower activity coefficient corresponds to higher solubility and solvent recovery preference, the developed knowledge base could be utilized in order to predict the appropriate solvent for each extraction process, as modeling predictions were generally in accordance with previous experimental findings. This prediction model may be particularly useful for the recovery of targeted individual phenols in order to screen them for biological activities. In addition, the recovery of phenols is proposed to be initially conducted with a polar protic solvent (hydro-ethanolic mixture) and then to progress sequential extraction steps with solvents of reducing polarity in order to separate the compounds of interest for each case.
Overall, the approach followed in this article provides a two-fold advantage: First it runs in the spirit of thermodynamics where the aim is at predicting rather than performing a tedious, time-consuming, and costly experimental job. Second, it is not limited in leading only to qualitative conclusions, but also it offers quantification through the estimation of the water activity coefficients and the polarities or octanol-water partition coefficients. Therefore, this approach is recommended as a guiding procedure to enable scientists to select the best extraction of solvent for a given application.
